Cytomegalovirus (CMV) antigenemia and quantitative real-time polymerase chain reaction (PCR) were compared for monitoring of CMV reactivation after allogeneic stem cell transplantation. The number of CMV antigen-positive cells by the antigenemia assay and the level of CMV DNA by real-time PCR correlated well. The sensitivity and specificity of the antigenemia assay was 55.4% and 95.5%, respectively, using real-time PCR as the reference standard. The probability of positive antigenemia at day 100 was 76.5%, with a median of first detection at day 37 in 51 patients, compared with a positive PCR of 84.3% and day 33, respectively. When HLA-identical sibling donor transplant recipients and other donor transplant recipients were analyzed separately, there was no difference between the two tests. However, temporal patterns of first detection of CMV antigen-positive cells and CMV DNA differed between HLA-identical and alternative recipients; patients without CMV (29%) or with sporadic positive PCR results (14%) were more common in HLA-identical sibling transplants, whereas patients with simultaneous antigenemia and positive PCR occurred more in alternative transplants (48%). Two of 51 patients (4%) developed CMV colitis despite antigenemia-guided prophylaxis, but both were successfully treated with ganciclovir. Although PCR is more sensitive than antigenemia, both tests are useful in the early detection of CMV after allogeneic stem cell transplantation.
Viral infection due to immunodeficiency is a major concern in patients receiving allogeneic stem cell transplantation. Cytomegalovirus (CMV) disease is frequently observed after allogeneic stem cell transplantation. 1 CMV pneumonia, in particular, is a significant cause of morbidity and mortality after transplantation. Currently, prophylactic therapy with ganciclovir has been used to prevent active CMV disease following allogeneic stem cell transplantation. 1 Prophylactic ganciclovir is begun at engraftment and has resulted in effective prevention of CMV disease in the 100 days after transplantation, but has also been associated with invasive fungal infection and late CMV disease. 2 Preemptive therapy, on the other hand, calls for ganciclovir to be given only to those patients who are at high risk for CMV disease based on the detection of CMV. Therefore, a diagnostic test that accurately reflects active CMV infection is essential for the success of pre-emptive therapy. An antigenemia assay has been widely used for rapid diagnosis and monitoring of CMV after allogeneic stem cell transplantation. [3] [4] [5] [6] [7] [8] In antigenemia-guided treatment, however, a higher incidence of CMV disease has been demonstrated, compared to the prophylactic ganciclovir regimen. 2 Qualitative detection of CMV DNA by polymerase chain reaction (PCR) has been reported to be as sensitive as the antigenemia assay. [9] [10] [11] [12] [13] Quantification of CMV DNA has recently been introduced and may be useful for monitoring CMV disease and for assessing the efficacy of antiviral therapy. [14] [15] [16] [17] [18] In the present study, CMV antigenemia and quantitative real-time PCR were compared for monitoring CMV reactivation after allogeneic stem cell transplantation.
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Materials and methods
Patients
Between May 1999 and May 2001, 51 consecutive patients who received myeloablative therapy and allogeneic stem cell transplantation for hematologic malignancy or aplastic anemia were enrolled. Characteristics of these patients are shown in Table 1 . There were 29 men and 22 women with a median age of 44 years and a range of 17 to 59 years (Table 1) . Seventeen patients had acute nonlymphoblastic leukemia (ANLL), four acute lymphoblastic leukemia (ALL), three acute mixed lineage leukemia, eight chronic myelogenous leukemia (CML), nine myelodysplastic syndrome (MDS), two adult T cell leukemia, seven non-Hodgkin's lymphoma, and one severe aplastic anemia. One patient with acute mixed lineage leukemia who received a second transplant from the same donor after relapse from the first transplant was included. The serostatus for CMV of donors and recipients before transplantation were as fol- lows; donor positive/recipient positive results were observed in 42, donor negative/recipient positive in six, and donor positive/recipient negative in three. Twenty-eight patients received transplants from HLA-identical sibling donors and 23 patients from donors other than HLA-identical siblings. Donors other than HLA-identical siblings were defined as alternative donors, including 10 HLAidentical unrelated, four HLA-identical non-sibling relatives, three one-locus antigen mismatched relative, four two-loci antigen mismatched relative, and two haploidentical related donors. In six patients who received transplants from two-loci antigen mismatched or haploidentical related donors, CD34-positive cell selection from grafts was performed before transplantation. All patients achieved sustained engraftment.
Stem cell transplantation
Regimens for pretransplant conditioning and prophylaxis for graft-versus-host disease (GVHD) are shown in Table 1 .
Total body irradiation (TBI)-based regimens and busulfan (BU)-based regimens were used in 29 and 22 patients, respectively. Details of the conditioning regimens are described in the footnote to Table 1 . To prevent GVHD, cyclosporine (CSP) 3 mg/kg/day was given as a continuous intravenous infusion in 41 patients combined with methotrexate 10 mg/m 2 on day 1 and 7 mg/m 2 on days 3 and 6, vs tacrolimus 0.03 mg/kg/day by continuous intravenous infusion, combined with methotrexate as above in 10 patients. The diagnosis and grading of acute GVHD was based on the clinical criteria of Thomas et al 19 with histologic confirmation as required. 19 Each patient was isolated in a laminar air-flow room, and standard decontamination procedures were followed. 20 Prophylaxis for bacterial, fungal, and Pneumocystis carinii infection consisted of fluconazole, ciprofloxacin, and sulfamethoxazole/trimethoprim. All patients were given aciclovir 1000 mg/day orally from days Ϫ7 to 35 for the prevention of herpes simplex virus infection and intravenous immunoglobulin (10 g) at biweekly intervals for the first 3 months after transplantation. All blood products were irradiated and filtered.
CMV antigenemia assay
This assay was performed at least once a week after engraftment according to the method described previously. 3, 4, 6, 7 In brief, peripheral blood leukocytes were isolated by dextran sedimentation, and 1.5 ϫ 10 5 leukocytes were cytocentrifuged on glass microscope slides. The slides were air-dried and fixed with acetone, then stained with peroxidase-conjugated monoclonal antibody, HRP-C7, which specifically binds the pp65 antigen of CMV. Under light microscopy, CMV antigen-positive cells were enumerated. The degree of antigenemia was expressed as the number of CMV antigen-positive cells per 5 ϫ 10 4 leukocytes.
Extraction and amplification of viral DNA
This was performed according to the method described by Machida et al. 18 Viral DNA was extracted from plasma using a QIAamp Blood mini-kit (Qiagen, Valencia, CA, USA) and then subjected to PCR. PCR primers and the probe were selected from the US17 region of CMV AD169. The TaqMan probe was labeled with 6-carboxyfluorescein at the 5Ј end as the reporter dye and 6-carboxytetramethylrhodamine at the 3Ј end as the quencher. The PCR product was detected as an increase in fluorescence using an ABI PRISM7700 (PE Biosystems, Foster City, CA, USA). The PCR was performed using TaqMan Universal PCR master mix (PE Biosystems).
Diagnosis of CMV reactivation and disease
CMV reactivation was defined as у1 antigen-positive cell or у2 ϫ 10 2 CMV DNA copies/ml. For the diagnosis of CMV disease, such as pneumonia, colitis, or hepatitis, the above had to be accompanied by clinical symptoms, signs, and histologic confirmation.
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Pre-emptive therapy with ganciclovir for prevention of CMV disease
The decision to use pre-emptive therapy was based entirely on a positive antigenemia test (у3/50 000 antigen-positive cells), independent of the quantity of CMV DNA detected. Intravenous infusion of ganciclovir at 10 mg/kg/day was started when more than 3/50 000 antigen-positive cells were detected. Ganciclovir was continued for as long as antigenemia persisted. Granulocyte colony-stimulating factor (G-CSF) was administered when the absolute neutrophil count was Ͻ500/l.
Statistical analysis
The number of antigen-positive cells and the level of CMV DNA were compared using Spearman's rank correlation test. Days to the first positive antigenemia and first positive PCR were calculated by the Kaplan-Meier method, and differences in the two groups were analyzed by the log-rank test. Temporal patterns of first detection of CMV antigenpositive cells and CMV DNA were compared by Fisher's exact test. A P value of Ͻ0.05 was accepted as statistically significant.
Results
Relationship between the number of CMV antigenpositive cells and the level of CMV DNA
CMV antigen-positive cells and CMV DNA levels were assessed on the same samples obtained from engraftment to day 100 after transplantation. As shown in Figure 1 , the number of antigen-positive cells and the level of CMV DNA correlated significantly (r ϭ 0.7195, P Ͻ 0.0001 by Spearman's rank correlation test). One hundred and twelve of 202 samples (55.4%) with more than 2 ϫ 10 2 CMV DNA copies/ml were also positive by the antigenemia assay, whereas 300 of 314 samples (95.5%) with less than 2 ϫ 10 2 CMV DNA copies/ml were negative by the antigenemia assay (Table 2) , yielding the sensitivity and specificity of the antigenemia, respectively, when the CMV DNA level of 2 ϫ 10 2 copies/ml was used as the reference standard ( Table 2 ). The positive predictive value of the antigenemia assay was 88.9% and the negative predictive value was 76.9%. The sensitivity of the antigenemia assay was increased from 55.4% to 94.1% and its specificity decreased from 95.5% to 80.5%, when the CMV DNA level was increased to 1 ϫ 10 4 copies/ml as the reference ( Table 2 ). The receiver operating characteristic (ROC) curve corresponding to Table 2 is demonstrated in Figure 2 .
Probability of positive antigenemia and positive PCR after transplantation
Thirty-eight of 51 patients developed positive antigenemia at a median of day 37 (range 11 to 79 days), and 42 of 51 patients developed a positive PCR with a median at day 33 (range 11 to 72 days) after transplantation. Kaplan-Meier estimates of positive antigenemia and positive PCR by day 100 were 76.5% and 84.3%, respectively (Figure 3a) . The difference between these two tests was not statistically significant. The probability of positive antigenemia and positive PCR was separately analyzed in patients with HLAidentical sibling transplants (n ϭ 28, antigenemia 57.1% vs PCR 71.4%, not significant) (Figure 3b ) and in those with alternative donor transplants (n ϭ 23, antigenemia 100% vs PCR 100%, not significant) (Figure 3c ).
Compared to HLA-identical sibling transplant patients, Table 2 . Numbers in the figure indicate threshold levels of CMV DNA (copies/ml) as the reference.
alternative donor transplant patients developed reactivation of CMV infection more frequently. This was demonstrated by both the antigenemia assay (HLA-identical sibling patients 57.1% vs alternative patients 100%, P Ͻ 0.01) (Figure 3d ) and the quantitative PCR (HLA-identical sibling patients 71.4% vs alternative patients 100%, P Ͻ 0.05) (Figure 3e ). When the incidence of CMV reactivation was analyzed according to the severity of acute GVHD, patients with grade II-IV acute GVHD developed more CMV reactivation than those with grade 0-I acute GVHD. The incidence of positive antigenemia was 88.9% in 27 patients with grade II-IV acute GVHD and 62.5% in 24 patients with grade 0-I acute GVHD (P Ͻ 0.01). Similarly, the incidence of positive PCR was 92.6% in 27 patients with grade II-IV acute GVHD and 75.0% in 24 patients with grade 0-I acute GVHD (P Ͻ 0.01). There were no differences between positive antigenemia and positive PCR when patients with grade 0-I and grade II-IV acute GVHD were analyzed separately (data not shown).
Longitudinal analysis for first detection of CMV antigenpositive cells and CMV DNA after transplantation
Temporal patterns of first CMV detection were longitudinally analyzed and classified into six groups ( Figure 4) ; (1) neither antigenemia nor PCR was positive during monitoring, (2) antigenemia alone was positive, (3) PCR alone was positive, (4) positive antigenemia preceded positive PCR, (5) positive PCR preceded positive antigenemia, and (6) antigenemia and PCR became positive simultaneously. Among HLA-identical sibling donor transplants, neither CMV antigen-positive cells nor CMV DNA were detected in eight of 28 patients (29%) during monitoring. PCR alone became positive in four of 28 patients (14%). These 12 patients did not receive pre-emptive ganciclovir therapy. Antigenemia became positive prior to PCR in 2 of 28 patients (7%), whereas positive PCR preceded positive antigenemia by 7 days (range, 3 to 14 days) in 11 of 28 patients (39%). Antigenemia and PCR were positive at the same time in three of 28 patients (11%).
In alternative donor transplants, both tests became positive in all patients during monitoring; all were given preemptive ganciclovir therapy. Antigenemia became positive prior to PCR in three of 23 patients (13%). Positive PCR preceded positive antigenemia by 7 days (range, 5 to 21 days) in nine of 23 patients (39%), similar to HLA-identical sibling donor transplants. However, CMV antigen-positive cells and CMV DNA were detected simultaneously in 11 of 23 alternative donor transplant patients (48%), indicating different temporal patterns between HLA-identical sibling and alternative donor transplants (P Ͻ 0.01).
When the pattern of first detection of CMV antigen-positive cells and CMV DNA was analyzed according to development of acute GVHD, neither antigen-positive cells nor CMV DNA was detected in six of 24 patients (25%) with grade 0-I acute GVHD, compared to two of 27 patients (7%) with grade II-IV acute GVHD (Figure 4) . Sporadically positive PCR was observed in three of 24 patients (13%) with grade 0-I acute GVHD, and in one of 27 patients (4%) with grade II-IV acute GVHD. CMV antigen-positive cells and CMV DNA were detected simultaneously in seven of 24 patients (29%) with grade 0-I acute GVHD and in seven of 27 patients (26%) with grade II-IV acute GVHD (not significant) (Figure 4) .
Incidence of CMV disease
Two of 51 patients (4%) developed CMV colitis despite pre-emptive therapy; one patient (diagnosed on day 33) was an HLA-identical sibling and the other patient (diagnosed on day 57) was an alternative donor transplant. Antigenemia and PCR became positive prior to development of CMV colitis. Both patients were successfully treated with ganciclovir.
Discussion
Quantitative detection of CMV DNA has been substituted for the antigenemia assay for the initiation of antiviral treatment in allogeneic stem cell transplant recipients. [14] [15] [16] 18, 22 It has been suggested that quantitative PCR has several advantages over the antigenemia assay, including an increased sensitivity for detection of CMV reactivation, reliable detection of CMV reactivation during severe neutropenia in the early post-transplant period, shorter time required for the procedure, and convenient processing of large numbers of specimens. [14] [15] [16] 18, 22 The number of antigen-positive cells and the level of plasma CMV DNA correlated well in the present study. When detection of у1 antigen-positive cell and у2 ϫ 10 2 CMV DNA copies/ml were defined as positive results, this antigenemia assay showed 55.4%/95.5%/88.9%/76.9% for sensitivity/specificity/ positive predictive value/negative predictive value, using the real-time PCR as the reference.
Gerna et al 23 compared qualitative results of immediateearly (IE) mRNA obtained by nucleic acid sequence-based amplification (NASBA) with those obtained by antigenemia assay and quantitative blood PCR in 51 marrow transplant patients. Qualitative determination of IEmRNA was the most sensitive for detection of CMV infection; the sensitivity and specificity of the antigenemia assay (sensitivity 59.0%, specificity 93.2%) and those of the blood PCR (sensitivity 67.7%, specificity 93.2%) were not different to NASBA as the reference standard. 23 Similarly, Boeckh et al 12 demonstrated that detection of CMV DNA in peripheral blood leukocytes by PCR (PBL PCR) was the most sensitive test, followed by the antigenemia assay, detection of CMV DNA in plasma by PCR (plasma PCR), and viremia.
Their antigenemia assay showed 55%/97%/90%/83% for sensitivity/specificity/positive predictive value/negative predictive value using the PBL PCR as the reference standard, and 62%/88%/45%/94%, respectively, using plasma PCR as the reference. 12 The sensitivity of our antigenemia assay was very similar to those obtained by Gerna et al. 23 and Boeckh et al, 12 despite different reference standards. These findings suggest that the plasma quantitative real-time PCR may also be a sensitive test for detection of CMV reactivation.
Boeckh et al 12 demonstrated that the time to first detection of CMV reactivation by the antigenemia assay and plasma PCR was similar, whereas it occurred significantly earlier for PBL PCR. Gerna et al 23 similarly reported identical times to first CMV detection by antigenemia and quantitative blood PCR, 39.6 days and 40.9 days, respectively. In the present study, the median day to first CMV detection by the antigenemia assay and PCR was 37 and 33, respectively. There was a trend towards earlier detection by PCR in HLA-identical sibling donor transplant patients. However, any difference in sensitivity between the antigenemia assay and the real-time PCR does not appear to have a major clinical impact on early treatment strategies, especially in alternative donor transplant patients as shown in Figure 3 .
Approximately one-third of HLA-identical sibling donor transplant patients did not develop reactivation of CMV infection, and four of 28 HLA-identical sibling donor transplant patients developed a sporadically positive PCR alone; they did not receive ganciclovir during monitoring. Preemptive strategies, rather than ganciclovir administration at engraftment, may be preferable in HLA-identical sibling donor transplant recipients to avoid ganciclovir-induced neutropenia. Of note, positive antigenemia preceded a positive PCR in five of 51 transplant patients (10%), furthermore, antigen-positive cells and CMV DNA were detected simultaneously in 40 to 50% of alternative donor transplant patients. These findings confirm the lack of a difference in first detection of CMV reactivation between these two tests. Differences in the temporal pattern of CMV reactivation between HLA-identical sibling transplants and transplants from alternative donors may be related to differential reconstitution of CMV-specific immunity. In recipients of transplants from unrelated donors, recovery of CMV-specific cytotoxic T lymphocytes (CTL) has been demonstrated to be delayed in comparison to that in recipients of transplants from siblings by direct visualization of CTL after allogeneic stem cell transplantation. 24 Pre-emptive therapy in the present study resulted in effective prevention of CMV disease after allogeneic stem cell transplantation. Antigenemia-guided early treatment at low levels of antigen-positive cells resulted in effective prevention of CMV disease without an increase in fungal infections, and the incidence of CMV disease in patients receiving antigenemia-guided treatment was comparable to that in patients receiving ganciclovir prophylaxis at engraftment. 25 Our incidence of CMV disease was 4%, comparable to recently reported incidences ranging from 0 to 16%.
2,8,9,12,13,25- 28 The antigenemia assay, as well as the quantitative real-time PCR, may be useful in early detection of CMV reactivation and in prevention of CMV disease after allogeneic stem cell transplantation. However, CMV colitis did develop in two patients during pre-emptive therapy with ganciclovir. The sensitivity and predictive value of the antigenemia assay in CMV colitis have been reported to be low, 2, 28 although it is sometimes difficult to differentiate CMV colitis from gastrointestinal GVHD presenting with nausea, diarrhea, or abdominal pain. Examination of the gastrointestinal tract may be delayed. PCR on stool samples may be helpful for ruling out intestinal CMV disease in patients at high risk. 29 Surveillance for CMV colitis is critical during antigenemiaguided early treatment. 2, 28 Quantitative real-time PCR is more sensitive than the antigenemia assay in the detection of CMV reactivation. The number of patients evaluated in the present study was small, and patients did not receive different treatment strategies. However, the probabilities and time to first detection of positive antigenemia and positive PCR were not different, and the incidence of CMV disease was low. These results suggest that the difference in the sensitivity between these two tests is unlikely to have a major clinical impact on early treatment strategies for CMV disease. Both tests are useful in the early detection of CMV reactivation and in the prevention of CMV disease after allogeneic stem cell transplantation.
